INTRODUCTION ABSTRACT
Whenever an aircraft encounters liquid The heat transfer behavior of accreting ice moisture in the form of supercooled cloud surfaces in natural (flight test) and simulated droplets, or freezing rain, ice will form on the (wind tunnel) cloud icing conditions have been exposed surfaces. Typical cloud droplet diameters studied. Observations of wet and dry ice growth range from as large as 50 microns to less than 10 regimes as measured by ultrasonic pulse-echo microns. In the case of freezing rain, droplets techniques were made. Observed wet and dry ice may be several mm in diameter. The shape of the growth regimes at the stagnation point of a accreted ice and its af{ect on the aircraft's cylinder were compared with those predicted using aerodynamic performance depend on several a quasi steady-state heat balance model. A series parameters -the cloud temperature, the average of heat transfer coefficients were employed by the cloud droplet size and size spectrum, the amount model to infer the local heat transfer behavior of of liquid water per unit volume, W, contained in the actual ice surfaces. The heat transfer in the the cloud and the size, shape and speed of the stagnation region was generally inferred to be accreting surface. higher in wind tunnel icing tests than in natural, flight, icing conditions. RIME ICE "Cold" cloud temps. Figure I . Typical "rime" and "glaze" ice shapes. B local collection efficiency (-) _c,surf saturated3vap°r density over surface When all of the impinging droplets freeze on (kg/m) impact with the accreting surface the ice saturatedRvapor density in cloud acGretion is characterized as rime ice. The Pv,® (kg/m_) resulting ice shape typically protrudes forward into the airstream (see figure i). Relatively cold cloud temperatures (below -IO'C) and small droplet sizes promote rime ice formations. At . Research Assistant, Aeronautics and warmer cloud temperatures and for the Astronautics characteristically larger droplet sizes and liquid * Assistant Professor, Aeronautics and water contents present in these clouds, the Astronautics.
impinging droplets do not freeze on impact and may #AIAA Paper 86-1352. run back over the accreting surface as Copyright© 1986 by MIT. The thermodynamic analysis presented in this paper for a surface accre_ng ice foll_Sl_he Energy Balance
Step 3 earlier work of Messinger ' and others ' . Figure 3 that the rate at which energy is added to the M"{Lf + V} + rhV= = h{(O°C -_) + control volume equals the rate at which it is removed, i.e. 2 2Tp
At steady-state it is assumed that the ice surface achieves a locally uniform equilibrium
In this case the freezing fraction must be very temperature, T ,rf. Conduction into the ice is slightly.less than unity, since the surface is now assumed to be _r6 and chordwise conduction wet, although it has been taken to be unity for between adjacent control volume is neglected, this transitional case. The latent heat of With these assumptions eq. (I) may be written in vaporization, L., is however used to represent the terms of its component heat terms as evaporative cooling term.
Qfreezing'" = M"{Lf + Ci(O°C -Tsurf )} The local mass flux, M", of droplets impinging on a body is given by ""
: rhV_ M" = BWV® (6) Qaero heating _ ",, 2Cp QIN Where B is the "local collection efficiency" and "" = M"V_ is defined as the ratio of the locally impinging Qdroplet K.E.
T mass flux to the freestream mass flux, i.e. in eq. I0) and determine which models best predict the observed wet or dry ice Figure 5 . Ultrasonic pulse-echo measurement growth.
The technique used to detect the presence technique. or absence of liquid water on an accreting ice surface is described in the next section.
In addition to obtaining the ice thickness displayed on an oscilloscope. The oscilloscope from the pulse-echo transit time, the condition of screen was video-taped in order to provide a the ice surface may also be monitored via the permanent record of the time-dependent echo characteristics of the ultrasonic echo pattern patterns. The test procedure consisted of received from _e ice surface. Specifically it lowering the tunnel temperature to the desired has been found that the echo patterns received icing cloud condition with the water spray off. from a dry ice surface and a wet ice surface are Once the tunnel temperature had stabilized, the markedly different. A "single" echo, water spray system was turned on in order to corresponding to the ice/air interface over the produce a cloud of droplets of the desired size transducer, is received from a dry ice surface.
(median volume diameter). Typically the spray However during wet ice growth the presence of system was activated for a six minute period, liquid water on the ice surface creates a after which it was turned off. Photographic and different, reflective interface, namely that other measurements of the iced cylinder were then between liquid and air. Thus during wet ice made and the cylinder was completely de-iced growth the received echo pattern contains an echo before the start of the next run. A total of 36 from the ice/water interface and further, rapidly runs for 15 different icing conditions were varying echoes from the water/air interface. The performed. presence of these echoes, which vary due to the distortion of the water by the impinging droplets Natural Icing Tests and flowfield, is used to determine if the ice growth is wet. If only a single echo is received A second series of tests was performed in from the ice surface then the ice growth is natural icing conditions using a 0.114m (4.5") determined to be dry.
diameter Figure 8 shows the ultrasonically measured ice growth for six different icing conditions in CLOUD TEMPERATURE, T=_('C) the icing research tunnel. The freestream Figure 8 . Plot of impinging liquid water content velocity was the same, 102.8m/s (230mph), for all versus cloud temperature showing six runs shown. The impinging liquid water ultrasonically measured wet/dry ice content, BW, was determined from the growth and theoretical wet/dry threshold ultrasonically measured dry ice growth accretion curves for four different heat transfer rate, since when the freezing fraction is unity coefficients. (V = 102.Sm/sec the local ice accretion rate, d, is given by (230mph).
= _ W V (12) coefficients underpredict the actual heat transfer
Pice in the icing tunnel are therefore too low. In all cases the ice density, was taken to Since only the stagnation region of the be that of the pure substance.°ice' cylinder is considered, the local heat transfer Figure 8 also shows the four wet/dry coefficient in this region is less sensitive to threshold curves calculated using the Van Fossen the surface roughness than to the freestream heat transfer coefficients. These curves are turbulence level, as can be seen from the four curves in figure 8 . However local surface plotted versus ambient temperature and were calculated for a freestream velocity of 102.8m/s roughness does play a critical role in determining (230mph), and a cylinder diameter of 0.i02m (4").
where boundary layer transition occurs, and this The four curves shown thus represent the in turn significantly affects the heat transfer transition line between wet and dry ice growth distribution around the body and therefore the calculated for the four different local heat resulting ice shape. Accurate analytic models of transfer coefficients implied by the Van Fossen the local surface roughness on real iced surfaces data. If the local impinging liquid water content
have not yet been developed; however the local exceeds this value of (BW) .. for a given ambient surface roughness has been found to vary with both rl . position on the body and the icing conditions temperature then the ice g_ow_h Is calculated to be wet, and if BW is less than (BW)_r__ the ice under which the ice was _ormed. For example, a surface roughness of 2mm has been measured at -8"C growth is predicted to be dry. Fro_ t_e figure, (+18"F) for ice accreted on a 0.53m chord NACA it can be seen that the heat transfer coefficient that best predicts the experimentally observed 0012 airfoil, while at -26"C (-15"F) the _urface pattern of wet and dry ice growth is that measured roughness was found to be less than O.Imm . Thus for the cylinder roughened with sand and at a while the heat transfer coefficient implied by the freestream turbulence level of 3.5%. While dry "rough" surface, 3.5% turbulence level ice growth was observed at -23"C (-10"F) and an. measurements appears to best predict the impinging liquid water content equal to O.47g/m3, experimentally observed pattern of wet and dry ice the heat transfer coefficients for the 0.5% growth, this heat transfer "model" may well only freestream turbulence level clearly imply wet be applicable to the stagnation region and a growth for these conditions. Thus it appears that different model may apply elsewhere on the the 0.5% turbulence level heat transfer cylinder. -_5 -20 -25 The 3.5% turbulence level, rough surface heat transfer coefficient correctly predicts all three CLOUD TEMPERATURE. T ('C) observed dry ice growth cases. In addition, the two marginally wet cases observed suggest that the heat transfer over the ice surface may in fact be Figure 9 . Plot of impinging liquid water content even greater than that implied by the 3.5% versus cloud temperature showing turbulence model. This would be consistent with ultrasonically measured wet/dry ice the experimental results shown in figure 8 where growth at two additional free stream dry growth was observed in one case while the 3.5% velocities and the theoretical wet/dry turbulence heat transfer coefficient predicted threshold curve for the 3.5% turbulence slightly wet growth, level, rough surface, heat transfer coefficient. Based on the results presented in figures 8 and 9 it appears that the heat transfer coefficient model that best approximates the actual heat transfer occuring in the icing research tunnel is the 3.5% turbulence level, rough surface model. The actual heat transfer coefficient is clearly greater than those applicable at the low (0.5%) turbulence level and may be even greater the high (3.5%) turbulence level value.
Natural Icing Cloud Test Results
Flight 85-24 Dry : Dry ice growth While constant icing conditions were Wet: Wet ice growth maintained throughout each exposure in the icing research tunnel, the natural icing cloud Tr. : Transitional ice growth conditions, most noticeably the liquid water content, were not constant throughout each flight. Figure I0 shows a plot of cloud liquid water _ 0.8 content versus exposure time for research flight _ F A . _ 85-24. The liquid water content was measured by a 06 Johnson-Williams hot-wire probe located near the ; _4 nose of the aircraft (see figure 7) . Also shown, are the experimentally observed periods of dry, _ 0.2 wet and transitional ice growth, produced by the 00 varying impinging liquid water content. The 2 4 6 B 10 ultrasonic echo patterns received from the EXPOSURE TIME. t (MINUTES) accreting ice surface were used to determine if the ice growth was wet, dry or transitional. Ice growth was characterized as transitional when the Figure 10 . Figure 11 . Plot of impinging liquid water content content and droplet size were roughly comparable versus cloud temperature showing wet, for flights different dry and transitional ice growth regimes ranges of wet and dry ice growth were observed, as observed in flights and theoretical indicated by the overlapping experimental wet and wet/dry threshold curves for four dry growth ranges at the same impinging liquid different heat transfer coefficients. water content. The implication is that the heat transfer differed between the two flights, both at nominally similar icing conditions, but conducted on different days through different clouds.
From the figure it can be seen that for 3..By comparing experimentally measured wet or dry flight 85-25 the high (3.5%) turbulence level heat ice growth with wet/dry thresholds predicted by transfer coefficients overpredict the observed different heat transfer coefficients it is possible to infer heat transfer coefficient heat transfer, based on the steady-state model analysis. For this flight the low (0.5%) values for an iced surface in icing conditions. turbulence level heat transfer coefficients appear 4. The heat transfer occurring during initial ice appropriate since both of these coefficients growth in the icing research tunnel appears to correctly predict the observed wet and dry be best modelled by Van Fossen's 3.5% regimes. The actual turbulence level applicable freestream turbulence level, rought surface could be even less than 0.5% based on the location heat transfer model for a bare cylinder. The of the observed wet and dry growth regimes, actual heat transfer coefficient may be slightly in excess of the values predicted by The experimentally observed ice growth this model. regimes during flight 85-24 are consistent with the wet/dry threshold predicted by the 3.5% turbulence level, rough surface heat transfer 5. During natural icing cloud encounters coefficient. For this flight the low (0.5%) conditions are not constant and as a result turbulence level models incorrectly predict wet periods of wet, dry and transitional ice growth growth for impinging liquid _ater content levels may be observed within a single encounter. where dry growth was experimentally observed. Thus, in contrast to flight 85-25, the low 6. The heat transfer occuring during initial ice turbulence level appears to be too low, and the growth in natural icing conditions has been inferred to vary between that predicted at the 3.5% turbulence level model gives acceptable 3.5% Freestream turbulence level and the 0.5% results, level, using Van Fossen's data.
The results of these tests highlight the 7. Due to variations in natural icing cloud effect of variations in icing conditions which are inherent in all natural icing encounters. Ice conditions care should be taken in extrapolating results from icing wind tunnels growth may thus vary from wet to dry during a particular encounter as the impinging liquid water to "similar" natural icing cloud conditions. content fluctuates. The ice shapes formed during ACKNOWLEOGEMENTS pure dry (rime ice) or pure wet (glaze ice) growth are markedly different (see fig. 1 ). Therefore This work was supported by the National Aeronautics and Space Administration and the the use of an average cloud liquid water content Federal Aviation Administration under Grant to represent a particular natural icing encounter NGL-22-O09-640 and NAG3-666. will in general be inappropriate since this will imply either pure wet or pure dry growth, when in REFERENCES reality the ice growth (wet or dry) varies as a function of time.
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